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(N ■ We have characterized the vertical transport properties of epitaxial layered structures composed of 

Pro.rCao.aMnOs (PCMO) sandwiched between SrRuOa (SRO) bottom electrode and several kinds 
D ■ of top electrodes such as SRO, Pt, Au, Ag, and Ti. Among the layered structures, Ti/PCMO/SRO 

^0 ' is distinct due to a rectifying current-voltage {I~V) characteristic with a large hysteresis. Cor- 

responding to the hysteresis of the I-V characteristics, the contact resistance of the Ti/PCMO 
^>i^ ' interface reversibly switches between two stable states by applying pulsed voltage stress. We pro- 

pose a model for the resistance switching at the Ti/PCMO interface, in which the width and/or 
height of a Schottky-like barrier are altered by trapped charge carriers in the interface states. 
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Perovskite manganites have attracted ccji^iderable interest due to unusual electronic and magnetic properties, 
such as colossal magnetoresistance (CMR)Jll'i half metallicityjj and electric field induced switching of resiS|tariC|Q, i.e. 
colossal electroresistance (CER).a Among these characteristics, CER has recently been explored in detaiLHOQij Liu 
et al., reported that reversible resistance change can be induced by applying pulsed voltage at room temperature for 
Pro. rCao.sMnOa (PCMO) sandwiched between Ag top electrode and YBa2Cu3 07 or Pt bottom electrode.El Similar 
^ • resistance aaoljrh.i ru; phenomena have also been reported in a wide variety of perovskite oxides, such as titanates and 
' zirconates.&Ej'EllE3il3 This resistance switching has a potential for device applications, such as nonvolatile resistance 
^ random access meropries (RRAM). Although the resistance switching has been attributed in a previous report to 
O the bulk of PCMO, El the resistance value of PCMO sandwich structures is mugh larger than that estimated from the 
I device configuration and the resistivity of PCMO bulk crystal. Baikalov et aLl recently pointed out from multi-leads 

resistance measurements that the resistance switching takes place at the interface between Ag electrode and PCMO. 
T— I . They also proposed the driving mechanism of the switching to be electrochemical migration, although experimental 
K>" ' evidence was not shown. Thus, the mechanism of the resistance switching is still unidentified. 

Here, we report on the interface properties between PCMO and several kinds of metallic electrode such as 
SrRu03(SR0), Pt, Au, Ag, and Ti, in detail, through vertical transport measurements of metal/PCMO/SRO layered 
structures grown on (100) SrTiOa (STO) single-crystal substrates. The Ti/PCMO/SRO layered structure, which 
^*) ' . has the largest interface resistance among the tested layered structures, is the only one that shows the resistance 

■ switching. The switching behavior can be understood by a model for the interface considering the Schottky contact 
. with charge-trapping interface states. _ 

■ The epitaxial PCMO/SRO layered structures were deposited on buffered-HF treated STO substratealil by a pulsed 
] laser deposition technique. Because the SRO film can be epitaxially grown on the STO substrate in a step-flow 

growth mode, the surface of the SRO bottom layer is atomically flat. This allows us to obtain structurally well- 
defined PCMO/SRO interfaces. During the deposition, a substrate temperature was kept at 700 °C under an oxygen 
pressure of 100 mTorr. The thickness of PCMO and SRO layers was 100 nm and 80 nm, respectively. For the 
Q sample with an epitaxial SRO layer as the top electrode (TE), 20 nm-thick SRO layer was subsequently deposited 
Q : on the PCMO layer. After the depositions, the layered structures were annealed at 400 °C for 30 minutes under an 
' oxygen pressure of 500 Torr, and then cooled down to room temperature. The crystal structure was analyzed by a 
. ^ _ four-circle x-ray diffractometer. The full- width at half of maximum of the rocking curves for all epitaxial layers in a 
' heterostructure measured together is as narrow as 0.06 ° . 

' The device structure is depicted in the inset of Fig. |^. Normal metal TE layers were ex-situ deposited by electron 
. . . beam or thermal evaporation under a base pressure of < 4 x 10^^ Torr. The thickness of the Au and Ag layers is 400 
nm, and that of the Pt and Ti layers is 20 nm. For the TEs of SRO, Pt and Ti, a 380 nm-thick Au cover layer was 
subsequently deposited. The layered structures were patterned into mesa structures by conventional photolithography 
and Ar ion milling. 

The current-voltage (I-V) characteristics were measured by a three-point contact method. The size of current 
and voltage contact pads for the SRO bottom electrode (left and right ends in the inset of Fig. |l|, respectively) is 
0.5 X 4 mm^ and that of tested junctions (middle) is 200 x 200 fim^. The use of the separate current and voltage 
contacts for the SRO bottom electrode allows us to extract the voltage drop between the SRO bottom electrode and 
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the TE of the tested junction. The reason for using T£'/PCMO stack for voltage contact pads is merely to simplify 
the device fabrication process. The positive bias is defined by the current flowing from the SRO bottom electrode 
to the TE. The voltage bias was scanned as — * +Knax ^ ^ — V^iax ^ V. All measurements were performed at 
room temperature. Figure |l| shows typical I~V characteristics of the layered structures for five different TEs. The 
I-V characteristic of the epitaxial SRO TE sample shows an ohmic behavior, and the resistance (i?sRO ~ 6.857) is 
the smallest among the samples. For the normal metal TE samples, the resistance (Rte) of the samples increases 
in the order of TE — Pt, Au, Ag, and Ti. From the device configuration and the resistivity of PCMO and TE 
metals, the resistance of PCMO and TE layers along vertical direction is estimated to be less than 0.1 and 10 fift, 
respectively. Thus, most of the measured resistance comes from a sum of contact resistances at the TE /PCMO and 
PCMO/SRO interfaces and the spread resistance of 80 nm-thick SRO bottom electrodes (roughly 10 17). Therefore, 
the resistance for the SRO/PCMO/SRO junctions is dominated by the spread resistance and the contact resistance 
at PCMO/SRO interface is negligibly small. In order to estimate the contact resistance for T£^/PCMO interfaces, 
the difference of the resistance ARte {— Rte — RsRo) between the normal metal TE and the SRO TE samples is 
evaluated, and is shown in the inset of Fig. |l]. The ARte provides a lower bound for the contact resistances for the 
normal metal/PCMO interfaces. For the Ti TE layered structure, we define i?Ti as the dynamic resistance at ^ = 
V because of the nonlinear I-V characteristic. The results clearly show that the contact resistances of TE /PCMO 
{TE — Pt, Au, Ag, and Ti) interfaces are much larger than the resistance of PCMO and TE metal layers themselves, 
and transport properties are dominated by that at the TE /PCMO interfaces. 

In addition to the nonlinearity, the I-V characteristic of the Ti/PCMO interface exhibits at the initial state a 
hysteresis in a negative bias region but not in a positive bias region. When the voltage (|Vmax| = 2 V) was repeatedly 
biased, the current gradually decreased and a hysteresis started to be observed both in positive and negative bias 
regions, as shown in Fig. ^ The decrease of the current is remarkable in a negative bias region, as shown in the 
inset, and finally the Ti/PCMO interface shows a rectifying characteristic. When much larger voltage ([Knaxl = 5 
V) was applied to the virgin Ti/PCMO interface, the current suddenly decreases at a certain voltage in a negative 
bias region, i.e., the I-V characteristic has a negative dynamic resistance, as denoted by the triangle (A) in Fig. ^ 
(a). After applying a large negative voltage bias, the Ti/PCMO interface shows a rectifying characteristic and a large 
hysteresis is observed both at positive and negative bias, as shown in Fig. ^ (b). We call hereafter such a bias stress 
process to get the stable state with rectifying and hysteretic characteristics as the forming process. 

After the forming process, the resistance switching takes place upon the application of pulsed voltage stress (Vp), 
as shown in Fig. ^ (b). The resistance switching characteristic depends on the initial resistance state or i?") and 
the pulsed voltage duration (rp). We first define the respective high and low resistance values at a voltage bias (14ias) 
of 0.1 V, which were obtained after the I-V measurements of ^ +5 — > — > — 5 ^ V and — » +5 ^ V, as 
and Ri (Fig. |^ (a)). These correspond to the limiting values for Tp oo. Figure ^ (c) shows Tp dependence of the 
values (i?h and Ri) for the high and low resistance states after the application of Vp — -5 and + 5 V, respectively. 
When the resistance switching is started from i?^, the resistance is switched between the i?h — -Rjl ^^'^ -^i' 
latter of which decreases with increasing Tp. When the resistance switching is started from the R^, both of the i?h 
and the Ri increase with increasing rp and finally overlap with those started from the i?". As shown in Fig. ji] (d), 
the ratio of the resistance change (i?h/i?i) increases with increasing rp, but the value of R^/Ri even at Tp = 0.1 s 
is less than the one third of i?°/i?° (~ 220 kf2/20 kfi = 11). These results suggest that the high resistance state is 
much more stable than the low resistance one, and that this resistance switching is dominated by some slow process. 

Here, wc first discuss a possible origin of the rectification at the Ti/PCMO interface. The rectifying interface, first 
of all, reminds us of a Schottky contact. Assuming that the Ti/PCMO interface is a Schottky contact, as shown in 
the inset of Fig. H, from the I-V characteristic PCMO can be considered as a p-type semiconductor . According 
to a p-type Schottky contact model, a Schottky barrier height increases with decreasing the work function of metal 
electrode. Because the work function of metals used for TE in this study decreases in the order of Pt, Au, and Ag, 
the TE metal dependence of the contact resistance seems to be consistent with a p-type Schottky contact model. 
However, since Ag and Ti have the almost same work function of ^ 4.3 eV, the difference of the interface property 
between Ag/PCMO and Ti/PCMO cannot be understood by a conventional Schottky contact. Thus, we consider an 
interface-state- induced band bending at the Ti/PCMO interface. It is well-known that when a density of interface 
states is high, electronic band in a semiconductor bends at an interface, independently of a work function of an 
electrode metal. t3 In this model, the degree of band bending, i.e. barrier width and height, depends on a net charge 
in the interface states and an energetical distribution of those in the band gap, and this band bending also causes 
a rectification. Because Ti is a getter for oxygen and has a small electronegativity, the Ti layer possibly extracts a 
large amount of oxygen atoms from the surface of the PCMO layer. The high density of the interface states induced 
by the oxygen vacancies may cause a large degree of the band bending at the Ti/PCMO interface, as compared with 
the Ag/PCMO interface. 

Next, on the basis of the interface-state-induced band bending picture, we propose a possible model of the resistance 
switching. By applying large voltage at the Ti/PCMO interface, a large amount of electrons is accumulated (extracted) 
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into (from) the interface states upon reverse (forward) bias. Accordingly, a variation of a net charge in the interface 
states leads to a modification of an Schottky-like barrier width and/or height, because the degree of the band bending 
depends on a net charge in the interface states. This model is similar to the one proposed for a resistance switching in 
a layered structure of a ferroelectric oxideE'tHi The sandwich structure ofrAu/PbTiOa/Lao.sSro.sCoOs, where PbTiOs 
was a ferroelectric n-type semiconductor, showed a resistance switching.lj The mechanism of the resistance switching 
was explained by the change of the Schottky barrier width at the Au/PbTiOs interface caused by a polarity alternation 
of a space charge in the ferroelectric PbTiOa layer. 

A remaining open question is what happens in the forming process. One possible candidate is the electrochemical 
migration of oxygen atoms. Oxygen gettering by Ti at the Ti/PCMO interface may generate the oxygen-defect- 
induced interface states, resulting in a Schottky-like barrier. However, further study is needed for elucidating the 
origin of the forming process. A way to avoid such chemical problems is to employ heteroepitaxial Schottky junctions 
made of oxide semiconductors and oxide metals. 

In summary, we have demonstrated pulsed voltage induced resistance switching at the Ti/PCMO interface, which is 
accompanied by hysteretic and rectifying I-V characteristics. The resistance switching can be explained by a model 
of the interface with trapping states which have sufhciently high density to form a Schottky-like barrier. 
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FIG. 1. I-V characteristics of Ti;/PCMO/SRO layered structures with five different TEs. Here, TE, PCMO, and SRO 
stand for top electrode, Pro.rCao.sMnOs, and SrRuOs, respectively. The upper panel of the insets shows a schematic of the 
samples. The lower one shows ARte (= Rte — Rsro) for TE = Pt, An, Ag, and Ti. 



FIG. 2. I-V characteristics of a Ti/PCMO/SRO layered structure measured with repeated voltage scan (|V^maxI = 2 V) up 
to 45th cycle. The inset shows the time chart of the current. 



FIG. 3. I-V characteristics of a Ti/PCMO/SRO layered structure drawn in (a) hnear and (b) semilogarismic current scales. 
Insets schematically show electronic band diagrams for a rectifying Ti/PCMO interface. 
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FIG. 4. (a) Forward bias I-V characteristic of a Ti/PCMO/SRO layered structure. Low and high resistance states {Ri 
and after voltage scans of IVmaxI = 5 V (see text) are defined at the filled and open stars, respectively. Each resistance 
value was evaluated by measuring current at a Vbias of 0.1 V. (b) Resistance switching behavior (bottom) started from the 
Ri state, by applying a sequence of pulsed voltage stress (top) of Vp = ±5 V. (c) Pulsed voltage duration (tp) dependence of 
the low (square) and high (circle) resistance states. The filled and open symbols represent the data started from Rf and R°, 
respectively, (d) rp dependence of the resistance ratio {Rh/R\). 
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